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Motivation: CO2 & Global Warming 

CO2 
concentration 
in atmosphere	


Temperature 
Change	


Facts: 
1.  Global Warming is attributed to CO2 
2.  Fossil fuel combustion will remain the 

major energy supplier in the near future 
3.  Power generation with fossil fuels emits 

1/3 CO2 of overall emissions 
 

Oil	


Coal	


Gas	


*2011 World Energy Outlook IEA	


Actions to control CO2 emissions 
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What do we do? 



100 
123 

135 

67 65 

93 

130 

104 108 
89 

111 

86 

221 

144 

261 

90 

0 

50 

100 

150 

200 

250 

300 

350 

400 

450 
T

ot
al

 S
ys

te
m

 L
ev

el
iz

ed
 C

os
t (

20
11

  $
/M

W
h

) 

Transmission Investment 

Variable O&M 

Fixed O&M 

Levelized Capital Cost 

                 Total (national-average) System Levelized Cost 
 
      (    )     Capacity Factor 

CC: Conventional Coal 
AC: Advanced Coal 
AC-CCS: Advanced Coal with CCS 
CCC: Conventional Combined Cycle 
ACC: Advanced Combined Cycle 
ACC-CCS: Advanced Combined Cycle 
with CCS 

CCT: Conventional Combustion Turbine 
ACT: Advanced Combustion Turbine 
AN: Advanced Nuclear 
G: Geothermal 
B: Biomass 

W: Wind 
W-O: Wind Offshore 
SPV: Solar PV 
ST: Solar Thermal 
H: Hydro 
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U.S. Energy Information Administration, Annual Energy 
Outlook 2013, Dec. 2012, DOE/EIA-0383(2012) 

No tax credits are assumed for renewables 
$15/metric ton of  CO2 penalty is added to coal 

All cases for utility scale plants 

dispatchable 



Simulation of Supercritical Fluid Transport and Mixing  

Energy Applications: 
•  Production of clean fuels (desulfurization, upgrade) 
•  Production of bio-oils 
•  Supercritical CO2 transport for storage, and hypercritical CO2 cycle 

Computational Challenges: 
•  Complex equation of state (PR), and phase equilibrium (PPR-78)  
•  Complex transport (formation and dissolution of interfaces @ UCST) 
•  Complex transport (fugacity and nonideal fluid, diffusion) 
•  Complex dynamics (strong density gradients and jumps) 

Timko, M.T., Ghoniem, A.F. and Green, W.H., Upgrading and desulfurization of  heavy oils by 
supercritical water, Journal of  Supercritical Fluids, Vol. 96 (2015), pp. 114-123. 
http://dx.doi.org/10.1016/j.supflu.2014.09.015 





Mixing (single HC)  
 

below and above the Upper Critical Solution Temperature 

Dabiri, S., Wu, G., Timko, M. and Ghoniem, A.F., Mixing of  single component hydrocarbon droplets in 
supercritical water, J Supercritical Fluids, 67 (2012) 29-40. http://dx.doi.org/10.1016/j.supflu.2012.02.014  



Mixing (two HCs) 
 

UCST1 < T < UCST2    and     T > UCST2 

Wu, G., Dabiri, S., Timko, M.T., and Ghoniem, A.F., Fractionation of  multicomponent hydrocarbon 
droplet in water at supercritical and near-critical conditions.  J. Supercritical Fluids, 72 (2012) 
150-160.  ttp://dx.doi.org/10.1016/j.supflu.2012.08.021  



Caption: Supercritical water – hydrocarbon mixing in a cylindrical tee mixer. The structures in grey represent 3-D vorticity (fluid rotation) 
elements; contours of (top) normalized hydrocarbon concentration (𝐘𝐝) – blue regions are hydrocarbon-rich regions and red regions are water-
rich regions; (bottom) temperature (T) are shown on different cross-sections 

𝒀𝒅 :

Ragavan, A, and Ghoniem, A.F., J. Supercritical Fluids, 2014, 92 (2014) 31-46.   
Ragavan, A, and Ghoniem, A.F., Simulation of  supercritical water-hydrocarbon mixing in a cylindrical Tee 
junction at intermediate Reynolds number:  Impact of  temperature difference between streams, J. 
Supercritical Fluids, 95 (2014) 325-338.   



Simulations of Dense Multiphase flows  

Energy Applications: 
•  Fluidized beds for biomass (and waste) gasification 
•  Novel designs of some FT  and similar reactors 

Computational Challenges 
•  Time and storage (especially for discrete particle or element approaches) 
•  Same for fully Eulerian (2FM) especially @ full scale 
•  Closure models for the 2FM (drag models and wall BCs) 
•  Extracting relevant data (bubble statistics and circulations times) 
•  Scale up (coarse graining) 
•  Coupling with particle gasification thermochemistry 

Bakshi, A., Altantzis, C. and Ghoniem, A.F., Towards Accurate multidimensional simulations of  dense 
multiphase flows using cylindrical coordinates, Powder Technology, 264 (2014) 242-255. Bakshi, A., Altantizis, 
C., Bates, R.B. and Ghoniem, A.F., Eulerian-Eulerian simulation of  dense solid-gas cylindrical fluidized beds; 
wall boundary condition and its impact on fluidization. Powder Tech.,  277 (2015) 47-62.   
 



Ar =
ρgg ρs − ρg( )dp3

µg
2

Rectangular reactor in 
slugging regime 

Solids motion 
generated by 
bubble motion 

Fluidization Regimes 



Fluidization Metrics 

Altantzis, C., Bates, R.B. and Ghoniem, A.F. Estimating the specularity coefficient and its effect on bubble 
dynamics and circulation time in a thin rectangular fluidized bed, Powder Technology, 2015, 270 (2015) 256-270 



Solid Circulation Pattern, and Validations 



The	
  Two-­‐Fluid	
  Model	
  
 

 
 

●  Solid and gas phases described using fully interpenetrating continua 

●  Particles are not individually tracked => Computationally efficient  

●  Constitutive relations required for particle-particle, particle-gas and particle-wall interactions 

●  Gas k = g, Solids k = m and        = 1 if k = i, else 0 

Solids Stress Tensor 
particle-particle interactions 

Drag Model 
particle-gas interactions 

Apparent density = Volume fraction x real density 



Solid Phase Stress Tensor 
●  Stress tensor represents particle-particle interactions through collisions (viscous) and friction (plastic) 

●  Reaction forces to maintain incompressibility, numerical stability  

●  Viscous regime based on Kinetic Theory of Granular Flow (KTGF), plastic regime more empirical 

Granular Energy 
•  Solids stress tensor = f(εm, Θm, dp, ρm, g0) 

•  Granular temperature measure of the random fluctuating component of the solids velocity  

•  Total Energy = Thermal energy + KE (mean velocity) + ‘pseudo thermal’ energy (fluctuations)  

Plastic Flow 
(Frictional Theory) 

Viscous Flow 
(KTGF) 

Blend function 

Constitutive	
  Relations	
  

production diffusion dissipation 
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Constitutive	
  Relations	
  

Gidaspow Drag Model1  

●  Combination of empirical models for packed and homogenously fluidized beds  

1 D. Gidaspow, Multiphase Flow and Fluidization: Continuum and Kinetic Theory Descriptions., 1994 
2 MFIX Documentation - Theory Guide 

Syamlal-O’Brien Drag Model2 

•  Derived from terminal velocity correlations in 
liquid-solid beds corrected to retrieve exp. Umf 

2.3 Umf  6.8 Umf  



18 
18	
  

en = 1  

Φ
 =

 1
 

Wall	
  Boundary	
  Condition	
  

1 Johnson and Jackson, J. Fluid Mech., 1987 

Particle-Wall Interactions 
●  Johnson-Jackson model1 computes solids slip velocity at wall by accounting for stress of solids 

approaching walls and momentum loss through collisions and friction 

 

●  Specularity coefficient Φ = fraction of particle momentum lost through collisions and friction 

●  Indicative of wall roughness; affected by particle size, fluidization regime  

●   Φ = 0 => minimum hindrance and specular reflections, Φ = 1 => maximum hindrance  

Φ = 0, en = 1 Φ = 1, en = 1 Φ < 1, en < 1 



Alumina 
1350 kg/m3, 0.289 mm 

Bed Dia = 14.5 cm 
U=4.6 Umf 

Glass  
2500 kg/m3, 1.1 mm 

Bed Dia = 10 cm 
U=2.0 Umf 

Alumina  
1040 kg/m3, 1.0 mm 

Bed Dia = 10 cm 
U=3.0 Umf 

Determining	
  	
  ϕ  	
  

•  Range – 1.25-6.80 Umf, 860-2500 kg/m3, 0.289-1.1 mm  
•  Bubble diameter comparisons show higher values of ϕ 

(0.01-0.3) more suitable for dense flows   
•  Low sensitivity of metrics (solids / bubbles) for suitable ϕ    

 

Experiment – [2] 

Experiment – [1] 

[1] Rüdisüli et al. Chem. Eng. Sci., 2012 
[2] Verma et al, AIChE J. 2014 



Mixing (3FM) 

Computational time 
Impact of resolution … 

Computational complexity & scaling to practical size rectors 



Hybrid Eulerian/Lagrangian 3D Methods 
for High Reynolds Number Transverse Jets 

Wee, D.H., and Ghoniem, A.F., “Modified interpolation kernels 
and treating diffusion and remeshing in vortex methods,” J. 
Comput. Phys., 213, 2006, pp. 239-263. 
Marzouk, Y.M. and Ghoniem, A.F., “Vorticity structure and 
evolution in a transverse jet,” J. Fluid Mech., 575:267-305, 
2007. 
Schlegel, F., Wee, D.H, and Ghoniem, A.F., “A fast 3d particle 
method for simulations of  buoyant flows”, J. Computational 
Physics, 227, 21, 2008, pp. 9063-9090.  
Schlegel, F., Wee, Dh, Marzouk, Y.M. and Ghoniem, A.F., 
Contributions of  the wall boundary layer to the formation of  
counter-rotating vortex pair in transverse jets, J. Fluid 
Mechanics, Vol. 676, 2011, pp. 461-490.  
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© Ahmed F. Ghoniem  



How to set up a simulation to capture these images? 
And what do we learn from the massive calculation? 
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●  Flow field dominated by vortical structures. (Better prospects for control!) 

    

 
 

Physics of Transverse Jets 

Modified from the schematic 
drawing by Kelso et al., JFM (1996) 

Re, /jr V U∞=Dimensionless Parameters: 

jet 

crossflow 



   

   

 

 

Overall flow features, reduced model 

© Ahmed F. Ghoniem  

Graphics Plotting program: Bruno 
Jobard, Pau University 



Overall flow features 

t = 12.0 5.17|| =ω

CRVs 

KH rings 

Breakdown 

r = 5 
Re = 245 

Rej = 1225 

•  Schlegel, F., Wee, Dh, Marzouk, Y.M. and Ghoniem, A.F., Contributions of  the wall boundary layer to the 
formation of  counter-rotating vortex pair in transverse jets, J. Fluid Mechanics, Vol. 676, 2011, pp. 461-490. 



Overall flow features, vorticity organizes 
itself first then breaks down 

t = 12.0 5.17|| =ω

KH rings 

Breakdown 

r = 5 
Re = 245 

Rej = 1225 

jet 

crossflow 

Notice that there are 2 vertical vortices  



t = 12.0 5.17|| =ω

r = 5 
Re = 245 

Rej = 1225 

Time-Averaged Vorticity 

CVP 

RVs 

CVP 
RVs 

Overall flow features, vorticity organizes 
itself first then breaks down 



Contribution to the total circulation; nozzle vorticity 

Classical view: vorticity from 
the nozzle BL (larger 
contributor because of 
velocity) folds on itself to 
form two crescents 
connected along the 
streamwise direction. 

 
Not a complete picture as we 

show next 

Schlegel, F., Wee, Dh, Marzouk, Y.M. and Ghoniem, A.F., Contributions of  the wall 
boundary layer to the formation of  counter-rotating vortex pair in transverse jets, 
J. Fluid Mechanics, Vol. 676, 2011, pp. 461-490.  



Lagrangian tracking 

Contribution to the total circulation; wall vorticity 



Near-wall CRV evolution 

Reduced model, 
nozzle only 

Full model 

•  Schlegel, F., Wee, Dh, Marzouk, Y.M. and Ghoniem, A.F., Contributions of  the wall boundary layer to the 
formation of  counter-rotating vortex pair in transverse jets, J. Fluid Mechanics, Vol. 676, 2011, pp. 461-490. 



Near-wall structures #2 

Instantaneous streamlines 
at t = 10.0 on y=0.2 

Re=440, r = 6.0 (Kelso et al.) 

Vertical 
plane 

Horizontal 
plane 



Importance of near-wall CRV formations 

The wall boundary layer clearly 
contributes to the formation 
of near-wall CRVs. 
 

 The jet penetrates deeper 

Inclusion of feedback and separation 
is critical to understand jet behaviors 
near the nozzle exit. 

Full BL 

Reduced BL 



Actuation 

x/d 

crossflow 

z/d 

crossflow 

z/d 

x/d 

Tabs are oriented 45 degrees upwards with respect to the wall. 

windward delta tab 

 
spanwise delta tabs 



Delta tabs 

Unforced jet 

Windward tab 

Lateral tabs 

r = 7 
Re = 245 

Rej = 1715 



Bifurcating jets 



Flapping forcing r = 7 
Re = 245 
Rej =1715 

20|| =ω

t=12.0 
Spanwise flapping 
motions: 
•  Earlier 

breakdown into 
small scales  

•  Jet widened in the 
spanwise 
direction 

•  Initially upright, 
then bends 
quickly 

Streamwise flapping 
motions: 
•  Delayed 

breakdown 



Reactive NS with Finite rate chemistry: 
Governing equations 
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LagrangianVortex Element Methods 

Vortex simulations 
Vorticity ω instead of velocity u: 

  

ω 
u 

ω = ∇× u 1. .
Ret

ω
ω ω ω

∂
+ ∇ = ∇ + Δ

∂
u u

  

€ 

χ i

    

€ 

χ i +1
    

€ 

χi −1

σ	



σ	



An element described by a 
discrete node point  

( ). ( ,t)i
i i

d t
dt

χ= ∇
ω ω u

( ,t)i
i

d
dt
χ

χ= u
1

( , ) ( ) ( ( ))
N

i it t f t
ω

σ χ≈ −∑ω x ω x

•    Inherent adaptivity with compact support of vorticity 

•    Less restrictive stability margins and low numerical diffusion 
•    No need for a pressure solver in semi-infinite domain 

uω (x) = Kσ (x − χ i )×α ii

N∑

© Ahmed F. Ghoniem  
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●  Start with serial treecode, velocity from low order Rosenhead-Moore 
kernel (algebraic smoothing): 

–  Constructs an adaptive oct-tree 
–  Particle-particle to particle-cluster 
–  Stop at leaf satisfying error: 

⇒  use Taylor expansion of kernel in Cartesian: 
 

Treecode for Fast Particle interactions 

Taylor coefficients, computed 
with recurrence relation 

Cell moments, 
stored for re-use  

argt etx

cyiy

   
u(x j ) = Kδ

RM (x j ,yi ) ×ω i
i=1

N

∑

   

Kδ
RM (x,y) = − 1

4π
x − y

| x − y |2 +δ 2( )3/2

   
u(x t arg et ) =

1
p!

Dy
p Kδ (x t arg et ,yc )(yi − yc ) p ×ω i

p
∑

i=1

Nc

∑



 
–  Winckelmans-Leonard kernel (2nd-order algebraic smoothing σ): 

 
 

 
 

Develop similar construction for a Second order kernel 

Taylor coefficients, computed 
with recurrence relation 

Taylor coefficients, computed with 
another recurrence relation 

  

M p (c)

4πR p+1
1+ ( p + 2)( p +1)

2
δ 2

R2

⎛

⎝⎜
⎞

⎠⎟
≤ ε ( )

cN p
p i c i

i

M c x y ω= −∑,      where 

Error control parameter Estimated error btw SUMMATION and APPROXIMATION 

   

u(x j ) = Kδ
WL (x j ,yi ) ×ω i

i=1

N

∑ Kδ
WL (x,y) = − 1

4π
| x − y |2 + 5

2δ
2

| x − y |2 +δ 2( )5/2
(x − y)

Kδ
WL (x,y) = Kδ

RM (x,y) +Kδ
cor (x,y), where Kδ

cor (x,y) = − 3δ 2

8π
x − y

| x − y |2 +δ 2( )5/2

u x( ) = 1
p!p

∑
i=1

Nc

∑ Dy
pKδ

WL x,yc( ) yi − yc( )p
× [ωdV ]i

= 1
p!p

∑
i=1

Nc

∑ Dy
pKδ

RM x,yc( ) + Dy
pKδ

cor x,yc( )( ) yi − yc( )p
× [ωdV ]i .

Wee, D.H., Schlegel, F., Marzouk, Y. and Ghoniem, A.F., “A treecode algorithm for a high order algebraic 
kernel in vortex methods,” SIAM J for Scientific Computing, Vol. 31, No 4, 2009. 



Parallel Implementation Using k-means Clustering 

●  Partition field into clusters: 

–  Choose clusters and cluster centroids (processor work), and 
associated elements to minimize a cost function 

–  General scheme: update centroids and clusters based on previous 
time step’s times, scaling. 

–  Each processor computes field of its cluster on the entire fields. 
–  Sum over all fields. 

  
J = min

k
xi − yk

2
wi( )

i

N

∑ ,     yi  is cluster centroid, wi  is weight

Marzouk, Y.M., and Ghoniem, A.F., “K-mean clustering for partition and dynamic load balance of  
parallel hierarchical n-body simulations” J. Comput. Phys., Vol. 207, 2005, 493-528. 



Parallel domain decomposition for parallel implementation 

cluster partition 
N=157297, k=128 

k-means only 
k-means/load-balancing 
MEAN velocity time 

© Ahmed F. Ghoniem  

Wee, D.H., and Ghoniem, A.F., “Modified interpolation kernels and treating diffusion and 
remeshing in vortex methods,” J. Comput. Phys., 213, 2006, pp. 239-263. 



Diffusion 

th Δ= νν
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n+1= wj

n + fij
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∑

∑

∑

Redistribution 
formulae 

Evolution equations for moments 
are discretized spatially with 
Dirac measures and temporally 
with an explicit integration scheme. 

Galerkin formulation… 

Fundamental solution 

Redistribution 
of particle 
strength 

Matching 
moments 

Lakkis, I. and Ghoniem, A.F., “Axisymmetric 
vortex method for low-Mach number, 
diffusion-controlled combustion,” J. 
Comput. Phys., Vol. 184: 435-475, 2003. 

Grid-free Redistribution:  
Shankar, RGD Internal Report (1999) 



3D validation runs 

●  Evolution of a Vortex Ring at Re = 500 
 vs. Stanaway et al. (1988) 

●  Asymptotic Drift of a Vortex Ring 
 vs. Rott & Cantwell (1993) 

●  Vortex Reconnection 
 vs. Kida et al. (1991) 

Low Reynolds Number 
Diffusion-dominated Flow 

Intermediate Reynolds Number 
Convection & Diffusion 

3D Flow Features 

Schlegel, F., Wee, D.H, and Ghoniem, A.F., “A fast 3d particle method for simulations of  buoyant 
flows”, J. Comput. Phys, 227, 21, 2008, pp. 9063-9090. 



,U d∞Normalization based on 

Application to transverse jets 

Exit Plane: x = 7; 
Gradual Weakening of Vortex Elements 

Computational Domain: y > 0 

Symmetry 
across z = 0 

Vorticity transport equation 
solved by the vortex filament 
method + the redistribution 
method 



Boundary conditions in transverse jets 

� 

θ

y"

z"

x"

� 

φcf =U∞x
Uniform crossflow"

Semi-infinite cylindrical 
vortex sheet, "  

� 

 γ = −2r ˆ e θ

>> No-slip boundary condition 

>> In-pipe boundary layer advected into the domain 

>> Solenoidality ? 

  
uslip = u

y=0+

jγ
cγ

jγcγ

Imposing the boundary conditions in terms of  
vorticity generation at the walls 



Two-way coupling 

From Lagrangian field to the Eulerian field 
●  Vortex particles are used to compute  the velocity on the faces of the finite volume in 

order to solve for the convective term on the grid 

From the Eulerian field to the Lagrangian field 
●  The baroclinic generation of vorticity is computed on the grid, before being converted 

to vortex particles. 
●  Vortex particles are generated from the grid during the diffusion steps 
●  Expansion particles are generated from the grid as well and converted into expansion 

particles, used to compute the expansion velocity field 
 
Scheme 
●  Time discretization:     2nd order predictor-corrector scheme 
●  Spatial discretization: 2nd order upwind Godunov scheme 

 

ω 
u 



●  Lagrangian Scheme, Vortex Method:  
–  K-mean clustering of particles (Y Marzouk) for good 

load balancing, combined to a ring algorithm. 
–  From a “Copy” to a “Ring” Algorithm 

●  Eulerian Scheme, AMR:  
–  Peano-Hilbert space filling Curve, PARAMESH 

 
●  Parallel library: MPI 

 
●  Hardware:   

–  Pharos 
–  Shaheen (KAUST) 

 
 

Data Structure and Parallelization 



Flame anchoring 
simulation 

Flame sits in between 
the two CVPs 

Reactive Jet 
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Cold vs. reactive flow comparison 

Cold Flow Reactive case 

Cold Flow Reactive case 

© Ahmed F. Ghoniem  



Cold vs. reactive flow comparison 

Streamlines and vorticity contours on the y=3-plane 

Cold flow 

Reactive Case 

Cold flow Reactive Case 

Impact of expansion velocity 

Hasselbrink and Mungal  © Ahmed F. Ghoniem  



Reactive jet analysis; where is the flame? where 
does it initiate? Needs tools to analyze data 

sZ Z=

Heat release and 
velocity norm contours 

CH4 O2 
 

CO2 
 

Temp. 
 

r = 5 
Re = 1000 
Da=42000 

Fr=inf 
According to stoichiometry, non premixed flames should be at 

stoichiometric contour Zs but we see multiple flames?? 

What are they and why are they there? 

Anchoring point 

Three flames 



Define another property to identify the 
flame (non premixed and premixed) 

We observe the formation or A Triple Flame 
●  Plot Takeno’s Flame Index and Heat Release Rate 
●  Where they coincide there is a flame 
●  But two types of flames exist! 

 

4 2

4 2
| || |

CH O
Takeno

CH O

Y Y
FI

Y Y
∇ ⋅∇

=
∇ ∇

FI > 0 premixed flame (RED) 
FI < 0 diffusion flame (BLUE) 

Anchoring point 

Three flames 
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Expanded view of triple flame 

4 2

4 2
| || |

CH O
Takeno

CH O

Y Y
FI

Y Y
∇ ⋅∇

=
∇ ∇

Fuel rich  
side 

  

sZ Z=

  

  

Air 

Fuel 

Partially premixed 
 front 

Fuel lean 
side 

  
Air 

FI > 0 premixed flame (red) 
FI < 0 diffusion flame (blue) 

Rich premixed flame 

Lean premixed flame 

Diffusion 
flame 
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Flame structure in another view 

x/d=2.5 

Th
e 

tr
ip

le
 fl

am
e 

Premixed flames are almost parallel to velocity contours 
Diffusion flame follows stoichiometric line (almost normal to vel. Contours)  

Flame index 
H.R. contours 



Flame structure and vorticity 

15ω =
8 3''' 3.510 W/mq =

Vorticity isosurfaces, in cyan and heat release rate isosurfaces contours 
in red under to different perspectives. 
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Why is the flame stabilized at this point? 

Scalar Dissipation Rate (SDR) (inverse of mixing time scale) 
Fast mixing prevents diffusion flame from forming early 

x/d=2.5 

22D Zχ = ∇ Vorticity ω

22D Zχ = ∇

    



How flames stabilize/anchor near solid corners? 

C1 mechanism for methane: 
16S/46R 

Red = 500 

Kedia, et al. J. Comput. Phys, … 

AMR 

Immersed boundary with dual buffer 
4th order space , 2nd order time 



Kedia and Ghoniem, C&F, 2014, 2015 



Flame-structure 

Negative flame displacement 
speed at anchoring location 



Conjugate-heat exchange 

Anchoring location follows temperature contours 

Conjugate heat exchange with the 
bluffbody plays a role at higher 

equivalence ratios 



Preferential Diffusion 

(Barlow et al., 2012) 

Flame leading edge 
finds the Locally 

maximum 
stoichiometry 

Kedia and Ghoniem, C&F, 2015 … 



Blow-off 

Residual Flames before complete blow-off 
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Stability Criteria 

1. Static Stability: 

2. Dynamic Stability: 

(Kawamura et al. 1983) 

Markstein Length Flow property 



Dynamic Stability Criterion 

Approaching blow-off  at fixed Red 

Reference surface: 1 % methane 
consumption 



Blow-off mechanism 

Strongly satisfied 
upstream leading to 

residual flames 
(Zukoski 1954 ) 

Weakest 
downstream 

leading to 
pinch-off 

3. No impact of  conjugate heat-exchange     (Russi 1953) 

1. 

2. 

dS/dn 

dvn/dn 



Blow-off mechanism 

Explains the widely reported correlation  (Shanbhogue et al. 
2009) 

  



Wrap Up! 

●  Thanks for your attention 
●  Practical application in energy continue to push the 

frontier 
●  Challenges in CFD 

–  complex fluid behavior (SCF) 
–  Multiphase (dense!)simulations 
–  Combustion 
–  Thermochemistry and surface interactions 
–  Multiscale .. 


